TiO 2 , a photosensitive semiconducting material, has been widely reported as a good photoanode material in dye-sensitized solar cells and new emerging perovskite cells. Its proper electronic band structure, surface chemistry and hydrophilic nature provide a reactive surface for interfacing with different organic and inorganic photon capturing materials in photovoltaics. Here, we review its enabling role in incorporating two special materials toward biophotovoltaics, including photosynthetic protein complexes extracted from plants and plasmonic nanoparticles (e.g., gold or silver nanoparticles), which interplay to enhance the absorption and utilization of sun light. We will first give a brief introduction to the TiO 2 photoanode, including preparation, optical and electrochemical properties, and then summarize our recent research and other related literature on incorporating photosynthetic light harvest complexes and plasmonic nanoparticles onto anatase TiO 2 photoanodes as a means to tap into the charge separation, electron and energy transfer, and photovoltaic enhancements in the bio-photovoltaics.
Introduction
As a photosensitive semiconductor material with good long-term stability, nontoxicity, low cost and abundance, TiO 2 has been widely used in photocatalysis and photovoltaics [1] . However, due to the wide band gap (i.e., 3.0 eV for rutile and 3.2 eV for anatase TiO 2 , respectively), pristine TiO 2 only responds to the irradiation in UV region. It is inefficient for capturing the majority energy is resonantly transferred to the associated reaction centers (RCs) where the energy is converted into electrons by exciting a special pair of Chls, triggering a series of chemical reactions, such as water splitting in PSII, reduction of NADP + to NADPH in PSI and ATP synthesis. Inset of Figure 2 shows components of PSII and the energy flow therein. The largest PSII supercomplex, C 2 S 2 M 2 , consists of a dimeric core complex (C 2 ) containing RCs, 4 monomeric minor antenna complexes (CP29), 4 strongly attached LHCII trimers (S 2 and M 2 ), and 3-4 loosely attached LHCII trimers [9] . LHCII trimer is the most abundant Chl-protein complex in nature and the major antenna complex in PSII. The LHCII trimer consists of three monomers each of which comprises a polypeptide of about 232 amino-acid residues, 8 Chl a and Chl b molecules, 3-4 carotenoids and one phospholipid [10] .
It should be noted that both photosynthesis systems and DSSCs utilize separate media for photon capture and energy transfer (executed by the excitation of LHCs and photosensitizers, respectively) and charge separation (occurs in RCs and the dye/TiO 2 interface, respectively). This mechanism has an advantage to reduce the possibility of charge recombination [11] . Owing to such similarity, various DSC architectures have been explored to directly use natural extracted pigments [12, 13] and photosynthetic LHCs [14] [15] [16] [17] as photosensitizers to replace synthetic dyes in developing biophotovoltaic cells. Although the biophotovoltaic cells have much lower PCE than normal DSSCs, these hybrid systems serve as a unique platform to study the crucial processes including charge separation and transport at the interface of TiO 2 photoanode with natural photosensitizers and provide insights into the limiting factors.
In this chapter, we will summarize our recent research and other related literature on incorporating photosynthetic proteins and plasmonic nanoparticles (PNPs) onto anatase TiO 2 photoanodes as a means to tap into the charge separation, electron and energy transfer processes, and plasmonic enhancement in the biophotovoltaics. The following aspects will be involved: (i) configuration and surface modification of TiO 2 photoanode, (ii) energy state coupling and charge transfer between photosynthetic proteins and TiO 2 , (iii) plasmonic effects on biophotovoltaics, and (iv) hot electrons across Schottky barrier at Au/TiO 2 interface.
Configuration and surface modification of TiO 2 photoanode

Fabrication of TiO 2 photoanode
Conventional photoanode in DSSCs is composed of a 10-µm-thick nanostructured TiO 2 film prepared from deposition and sintering of spherical TiO 2 nanoparticles (NPs) on conducting fluorine doped tin oxide (FTO) glass. This mesoporous layer has a large surface area for dye adsorption while maintaining a percolation network for electron transport. Later, a variety of TiO 2 nanorods, nanowires and networks were designed to replace the spherical NPs in photoanode [18] [19] [20] . These structures are regarded with more efficient electron transport pathway owing to the inherent well-aligned crystalline domains and the greater electron diffusion length [21, 22] . Typically, the TiO 2 nanomaterials are synthesized by sol-gel method, then dispersed with surfactants into a paste and coated on FTO glass via doctor-blade casting, spin coating or screen printing. This multi-step route is tedious and induces large variances in prepared TiO 2 layers. The electron diffusion in the layer is restrained by large boundary. Instead, direct growth of highly ordered architectures on substrates is among the most exciting developments for novel photoanodes. Vertically aligned TiO 2 nanotube arrays have been successfully produced by potentiostatic anodization of titanium metal in a fluoride containing electrolyte and exhibit larger electron diffusion length [23] . A forest-like photoanode combining efficient light trapping and high surface area for dye absorption was synthesized via fine control of pulse laser deposition, which consists of hierarchical assemblies of nanocrystalline particles of anatase TiO 2 [24] . This hierarchical architecture was demonstrated to suppress electron recombination with tri-iodide along with increase of electron lifetime and perform no hindering in mass transport using ionic liquid electrolyte. Recently, we employed a similar anatase TiO 2 nanotree array as photoanode scaffold for the LHCII sensitized biophotovoltaic cells [25] . This TiO 2 nanotree array can be simply grown on TiO 2 coated FTO glass by one-pot hydrothermal reaction without necessity of high-tech equipment [26] . The transmission electron microscopy (TEM) and scanning electron microscopy (SEM) images in Figure 3 confirm the morphology of the TiO 2 nanotrees prepared by this method. Each nanotree is composed of 6-µm-long TiO 2 nanowire trunk covered by short and thinner branches extending sideway.
The growing model is illustrated in Figure 4 , showing a hierarchical assembly of TiO 2 nanostructure in which the number and length of branches on the TiO 2 nanowire trunk can be increased with the longer reaction time.
In addition, post-synthesis thermal treatment can be applied to attain highly crystalline TiO 2 photoanodes. Due to higher dye loading and faster electron transport rate, the TiO 2 with pure anatase phase is more favorable than rutile phase in photoanode applications [28] . The crystallization strongly depends on annealing process. It normally yields the anatase phase if the annealing temperature is below 550°C but tends to form the thermodynamically stable rutile phase at higher temperatures [29] . The XRD ( Figure 5A ) and Raman ( Figure 5B ) characterizations confirmed that single crystalline anatase phase was attained for the TiO 2 nanotrees subjected to 500 °C calcination for 30 min. 
TiO 2 barrier layer
In the photoanode of DSSCs, besides using TiO 2 for charge separation and electron transport, a thin compact TiO 2 layer of tens to hundreds of nanometers is usually deposited between mesoporous TiO 2 nanoparticle film and transparent conductive oxide (TCO) coated glass as a barrier layer. This barrier layer was found to be critical in impairing the electron backflow at the TCO/electrolyte interface, increasing the shunt resistance, and therefore increasing the fill factor and overall cell efficiency [30, 31] , as depicted in Figure 6A . To establish a reliable planar photoanode for biophotovoltaics, we systematically studied the TiO 2 barrier layer deposited by two distinct methods and correlated the TiO 2 structure with its barrier properties [32] . Figure 6B schematically shows that a porous dye-penetrable TiO 2 film was attained by the TiCl 4 solution treatment, while a conformal compact TiO 2 film was obtained by sputtering-annealing Ti. The latter seemed to be an ideal barrier layer since dye molecules can only adsorb on the external TiO 2 surface. However, the performance of DSSCs made with the sputtering-annealing method was worse than those by TiCl 4 treatments due to the lower electrical conductivity since anatase structure is mixed with amorphous and rutile phases in the film. In this work, the DSSCs fabricated with photoanodes by 20 min TiCl 4 treatment showed the best performance, likely due to the formation of desired anatase crystallites with the optimum thickness. Such thin-film DSSC was used as a model system to test the photovoltaic effects of photosynthetic proteins that cannot easily access the interior pores of traditional mesoporous DSSCs.
Biosensitizations on surface modified TiO 2 photoanodes
One complication to fabricate biophotovoltaic devices is to integrate biophotosensitizers with artificial semiconductors in photoanode. Unlike synthetic dyes that can easily use various anchoring groups, for example, carboxylate (─COOH), phosphonate (─H 2 PO 3 ) or siloxy moiety (─O─SiR 3 ), through molecular engineering to increase binding affinity to metal oxide semiconductor [33, 34] , chemical modifications on natural extracted photosynthetic protein complexes would cause unfavorable structural changes that impair their intrinsic photoelectric properties. Although the photosynthetic protein complexes contain carboxylate groups in their polypeptide matrix, they are usually extracted and dispersed in aqueous buffer solution in which the strong polar water solvent and the surfactants tend to break the adsorption equilibrium causing desorption from the metal oxide surface. Addition of binding agents is desired to conjugate photosynthetic protein complexes to artificial photoanodes. Mershin et al. bioengineered PSI with a designed peptide surfactant that contains an amino acid sequence with specific high binding affinity to ZnO (Figure 7 ) [35] . In the study, the native electron acceptor subunit PsaE within PSI was substituted with the ZnO-binding peptide tag: RSNTRMTARQHRSANHKSTQRARS to promote attachment and orientation of the PSI on ZnO nanowires. Thus, the modified PSI was preferentially bound to ZnO nanowires by the electron acceptor side, minimizing the electron traveling distance between electron acceptor and electrode and maximizing the electron transfer.
Beyond introducing the specific linkers through delicate bioengineering on photosynthetic protein complexes, another simpler method to improve the protein attachment is to perform surface modifications on photoanode materials with binding molecules. Dihydroxyacetone phosphate was reported as a suitable linker between PSI and metal oxide. The indium-tin oxide (ITO) and titanium suboxide (TiO x , x = 1, 2) substrates covered with a self-assembled monolayer of dihydroxyacetone phosphate can immobilize a densely packed PSI layer by electrostatic and hydrogen bond interactions with the polar stroma and lumen faces of PSI [36] . LHCII of PSII can also be isolated and appointed as photosensitizers in biophotovoltaic cells. However, the physisorption of LHCII on the TiO 2 photoanode was found to be very weak and unstable, as indicated by the long incubation time (96 hours) required to reach saturated adsorption [45] . It was recently reported that strong LHCII attachment can be obtained on a APTES grafted FTO substrate via electrostatic interaction between the anionic residues on the stromal side with cationic ─NH 3 + groups [14] . We adopted this approach and used APTES to functionalize the surface of TiO 2 thin film, TiO 2 nanotree array photoanodes and TiO 2 -encapsulated plasmonic NPs in LHCII sensitized solar cells [25] . Clear improvement in protein attachment is indicated by the more intense and uniform greenish color on the APTES modified photoanode (Figure 8a) .
Moreover, adsorption of the photosynthetic proteins onto internal surface of the mesoporous TiO 2 anode is also hindered by its much larger size (4-20 nm) than dye molecules (<1 nm), researchers strive to increase their loading capacity by engineering more open three-dimensional (3D) electrode architecture. The amount of the adsorbed proteins can be extracted into buffer solutions and quantitatively assessed from the absorption spectra of the extracted Chls in Figure 8b based on the following equation [37] : (1)
A is the absorbance at certain wavelength. By this means, the amount of LHCII trimers adsorbed on APTES-treated TiO 2 nanotrees was determined to be 2.5 folds of that on bare TiO 2 nanotrees. It can be derived from basic calculations that LHCII trimers containing 0.2 µg Chls are required to form a hexagonal close-packed monolayer on a flat 1 × 1 cm 2 surface. Since the adsorbed LHCII trimers were equivalent to 6.6 µg Chls, 33 times of that on the flat TiO 2 surface, it is evident that nanoscale LHCII trimers were able to penetrate into the 3D TiO 2 nanotree array and adsorb on a large surface area. Similar to DSSCs, photocurrent generation by biophotovoltaic cells based on photosynthetic proteins sensitized TiO 2 photoanode is inextricably linked with the charge separation at the photosynthetic protein/TiO 2 interface. The energy state matching among photosynthetic proteins, semiconductive TiO 2 , and redox mediators is crucial to enable the electron injection from photosynthetic proteins to TiO 2 as well as the electron refill from redox mediators to the proteins. The photoinduced electrons originate from Q band excitation of Chls. Since Chl is the major pigment contained in photosynthetic proteins, the energy levels of the photosynthetic proteins can be represented by the ground and excitation states of Chls Q band, and they can be determined by measuring the oxidation potential and the absorption spectrum of the photosynthetic proteins. Figure 9 shows the electron transfer and energy level scheme of the biophotovoltaic cell based on LHCII aggregates as the sensitizer on thin film TiO 2 photoanode. Potentials are relative to the normal hydrogen electrode (NHE) [38] . Similar to DSSCs, when the chlorophylls in the photosynthetic proteins are photoexcited to the higher energy level Chl*, the electrons are able to inject into the less negative conduction band of TiO 2 . In 68744 this step, the harvested solar energy is converted into anodic photocurrent. Meanwhile, the redox potential of the mediator should be more negative (i.e., in lower position in Figure 9 ) than the hole left at the ground state of Chlorophyll Ch + so that it can resupply an electron to the oxidized Chl, thus regenerating the sensitizer. The V OC (maximum output voltage of solar cell) corresponds to the difference between the redox potential of the redox mediator and the Fermi level of the FTO current collector.
Effect of charge transfer state in LHCs
Comparing to artificial DSSCs, the biophotovoltaics involving photosynthesis complexes as sensitizers have two distinct features. First, the captured photon may go through a rapid internal energy transfer process to the charge-separation states. For example, Figure 10A shows that the excitation energy of LHCII at 496.5 nm is quickly transferred to the lower-energy Q band around 650-690 nm before giving fluorescence or producing charge separation. Second, the charge transfer process of densely assembled chlorophylls in photosynthetic protein complexes depends on the specific protein environments involving photosynthesis regulation through a photoprotective mechanism called non-photochemical quenching (NPQ) [9, [39] [40] [41] [42] [43] [44] . Excess energy in the photo-excited chlorophylls was dissipated through specific LHCII protein aggregation [45] . The Chl excited states in the aggregated LHCII, unlike in isolated LHCII trimers, are severely quenched due to the formation of chlorophyll-chlorophyll coupled charge transfer (CT) states, which has been observed by the high-resolution hole-burning spectroscopy [46] . Previous study revealed that the photovoltaic performance of the biophotovoltaic cell was correlated with strong coupling between the extensive CT states formed between the aggregated LHCIIs (schematically depicted in Figure 10C ) and the TiO 2 conduction band. The CT states have slightly lower oxidation potential (i.e., less negative in energy level in Figure 9 ) than the excited state of chlorophylls due to their more reddish absorption and red tail in UV spectra ( Figure 10A) . The CT states couple with the TiO 2 conduction band more effectively, convinced by severe quench on the fluorescence emission of the CT states when the large LHCII aggregates were anchored on TiO 2 surface (as shown in Figure 10B ). This strong coupling facilitated more efficient electron injection across LHCII/TiO 2 interface and resulted in larger photocurrent generation in the corresponding biophotovoltaic cells.
Effect of plasmonic nanoparticles
While the biophotovoltaic cells based on interfacing the artificial DSSC platform with the photosynthetic proteins provide useful insight into the fundamental photon capture and charge separation processes, their PCE is much lower than the conventional DSSCs using organic dye molecules (such as N719 [47] ) as light harvesting antennas. Noble metal nanoparticles, that is, gold or silver nanoparticles, have been explored to enhance the solar cell performance utilizing their surface plasmonic resonance (SPR) effects that can enormously alter the optical absorption and emission of photosynthetic proteins near the nanoparticle surface [48] . An example of such solar cells is shown in Figure 11 [25] . Enhancement of light absorption was observed for PSI attached to plasmonic nanoparticles (PNPs) [49] . The LHCs anchored on plasmonic gold or silver island substrates were able to generate 10-to 20-fold of fluorescence emission [50] [51] [52] .
A theoretical model for SPR-enhanced free electron production and photocurrent generation was proposed based on PSI-RCs bound to Au and Ag nanocrystals [53] . The internal photosynthetic efficiency of PSI-RC was found to be strongly enhanced by the metal nanoparticles, which involved two competing effects, that is, plasmon enhanced light absorption of Chl molecules and energy transfer from Chl to metal nanoparticles [53] . These studies provide useful insights into energy-conversion devices involving the interplay between photosynthetic proteins and PNPs.
PNPs have already been widely employed in photovoltaic devices, including DSSCs [54] [55] [56] and emerging Perovskite solar cells [57, 58] , to enhance the performance. However, the explanation of the interplays between PNPs and different light harvesting antennas is still ambiguous in each specific cases. Unlike single chromatic synthetic dye, photosynthetic proteins contain multiple pigments whose light harvesting and conversion involve intrinsic energy transfer among pigments and cofactors, inducing additional complexity to understand the plasmonic effects on the whole photovoltaic processes of the bio-hybrid systems. Recently, a bio-solar cell using natural extract graminoids coupled with silver nanoparticles (Ag-NPs) has been reported to achieve larger photocurrent [59] . First, incorporating plasmonic Ag-NPs (~13.8 nm in diameter) enables quenching the emission of the natural graminoid sensitizers and thus enhancing the electron collection efficiency. Meanwhile, the small size of the Ag-NPs barely takes up surface area for attachment of light-harvesting sensitizers. Second, a TiO 2 (001) nanosheet structure provides a good surface for collection of solar-driven electrons from graminoids. Third, the ligand tethering enables good attachment between graminoids and Ag-NPs on the (100) face of TiO 2 nanosheet. The enhanced performance of the plasmonic biophotovoltaic cell in this case was attributed to the emission quenching by Ag-NPs for efficient collection of photoinduced electrons from graminoid complexes, as well as the efficient light trapping due to the plasmonic enhanced local electromagnetic field. Reprinted with permission of Ref. [25] .
Application of Titanium Dioxide 218
We proposed another enhancement mechanism for plasmonic biophotovoltaics with the design shown in Figure 12 [25] . Core-shell PNPs with a 2-5 nm TiO 2 shell and a plasmonic silver or gold core were hybridized with LHCII and incorporated into the aforementioned 3D TiO 2 nanotree photoanode for the plasmonic enhanced biophotovoltaic cells. Compared with the bare Ag NPs used in the above-discussed work [59] , this core-shell structure has multiple functions. First, the hydrophilic nature of TiO 2 shell makes the PNP surface compatible for protein attachment [60] . Second, the semiconductive TiO 2 shell serves as an energy barrier to prevent electron recombination on the metallic core due to unwanted electron flow from the attached proteins to the metallic core [61] . Third, the TiO 2 shell acts as a protective armor to ensure the stability of the metallic core in the corrosive iodide electrolytes in solar cells [62] . These PNPs with different plasmonic resonance bands were able to enhance and manipulate the photon capture of LHCII at specific wavelength ranges. The photocurrent Figure 12 . Schematic diagram of the energy and electron pathways in LHCII-PNP hybrid system. The LHCII trimers are excited by strong absorption of Chls' Soret and Q bands (i). The excited Chls go through an ultrafast excitation energy transfer (EET) from Soret band to Q band (ii) and then give fluorescence emission (iii) to return to the ground level. With LHCII attached to TiO 2 surface, a charge transfer process occurs, leading to injection of excited electrons in Q band to the conduction band (CB) of TiO 2 (iv). Thus, the fluorescence intensity is reduced. In the presence of the metallic core, further excitation to LHCII may occur due to plasmon-induced resonance energy transfer (PIRET) from PNPs to LHCII (v), resulting in larger electron injection from LHCII to TiO 2 . At the meantime, the injection of hot electrons from the metal core of PNPs across the Schottky barrier (vi) leads to higher charge carrier density in TiO 2 . Reprinted with permission from Ref. [25] . and incident photon-to-current efficiency (IPCE) of the plasmonic biophotovoltaic cell were achieved, while the fluorescence emission of excited LHCII was quenched along with shortened lifetime. Obviously, the electrons in the excited LHCII state flow efficiently through the TiO 2 network.
Cushing et al. [63, 64] elaborated that three mechanisms are involved charge generation in a semiconductor incorporated with plasmonic metal NPs, including light trapping based on scattering, hot electron/hole transfer, and plasmon-induced resonance energy transfer (PIRET) based on near-field. These are also applicable to the LHCII-PNP hybrids, with the possible mechanisms illustrated in Figure 12 . During the excitation process, electrons are pumped from the ground state to the excited states of Soret band or Q band of LHCII. However, the excited Soret band quickly goes through an ultrafast excitation energy transfer (EET) to the Q band, as verified by a theoretical modeling [65] . Thus, all fluorescence emission from LHCIIs is at 683 nm, corresponding to a radiative relaxation for the excited electrons to return to the ground state of Q band. When LHCII is adsorbed on the TiO 2 surface, upon excitation a charge transfer process occurs, that is, the excited electrons in Q band are injected to the conduction band (CB) of TiO 2 , resulting in the reduced fluorescence intensity. In the presence of the metallic core, the incident photons by plasmonic absorption generate a strong near-field oscillation with ~10 nm decay length, which can affect all LHCII adsorbed on the surface of the ~2-3-nm-thick TiO 2 shell. A strong PIRET is enabled by the strong dipole-dipole coupling between the plasmon and LHCII, leading to enhanced LHCII excitations at Soret and Q bands. More efficient electron injection from LHCII to TiO 2 is also facilitated by the near-field and thus quenches the fluorescence emission though PIRET induces higher LHCII excitation. These effects collectively enhance the photocurrent of the corresponding plasmonic biophotovoltaic cells. In addition, the plasmonic hot electrons excited at the metal core of PNPs may overcome the Schottky barrier at the metal-TiO 2 interface, raise the charge carrier density in TiO 2 shell, and therefore the charge collection efficiency. Details about such interfacial activity are unravelled in the next section.
Hot electron injection from plasmonic metal to TiO 2
Schottky barrier is an energy barrier for electrons formed at the junction of metal and semiconductor where their fermi levels merge together to achieve thermal equilibrium, leading to the band bending and blocking the electron flow across the junction. The energy band diagram of Schottky contact is illustrated in Figure 13 . The height of Schottky barrier equals to the subtraction of work function of metal with the bandgap of semiconductor, and it is usually much smaller in value (e.g., ~0.9 eV for Au/TiO 2 [66] and ~0.2 eV for Ag/TiO 2 [67] ) than the semiconductor bandgap (i.e., 3.2 eV for anatase TiO 2 ). Recent studies proposed hot electrons from plasmonic-excited metal cores could easily overcome this energy barrier and be injected into the TiO 2 conduction band, resulting in a new mechanism for plasmon enhancement to DSSCs [68] . In general, the injected hot electrons are considered to be either being converted into photocurrent or functioning as charge carriers in the semiconductor matrix [69] . The photocurrent generated by direct hot electron transfer across the Schottky barrier has been Application of Titanium Dioxide 220 collected and utilized for photodetection and photovoltaics based on well-designed devices with a complete circuit allowing refilling electrons back to the metal [70] [71] [72] [73] . However, for the metal@TiO 2 NPs embedded in the mesoporous TiO 2 film in DSSCs, the sustainability of the photocurrent generation from hot electron injection is under debate considering that the metal core is unaccessible to the electron donors or the external circuit, which is needed for charge regeneration. On the other hand, the initially injected hot electrons may be converted into steady-state charge carriers and sufficiently raise the conductivity of the mesoporous TiO 2 frame, as has been indirectly demonstrated by enhanced photoconductivity in metal coupled semiconductors [74, 75] . In addition, a recent study by Cushing et al. reported that metal@TiO 2 and metal@SiO 2 @TiO 2 NPs can also enhance DSSCs by exciting surrounding TiO 2 matrix and dye molecules with near-field-based plasmon-induced resonance energy transfer (PIRET) beside hot electron injection [63] . In the previous section, we have also discussed such effects on the plasmonic biophotovoltaic cells based on hybrids of natural LHCII and PNP [25] . Actually, these three effects are mixed in most plasmonic photovoltaic cells.
In order to sort out the contributions of hot electron injection, we propose a strategy by comparing the photoconductivity and the photovoltaic properties of the same material, that is, Au@ TiO 2 network in two model devices, that is, a micro-gap electrode and a DSSC [76] . The coreshell structure consisting of isolated Au NPs embedded at the nodes of a nanostructured TiO 2 network was used as the bridging material in the micro-gap between two Au electrodes and as the mesoporous film on a DSSC anode to measure photoconductance and photocurrent, respectively. Enhancements on the photoconductance and the photocurrent were observed on both devices, with distinct dependence on the illumination wavelength (Figure 14A and B) . This difference was explained with the scheme drawn in Figure 14C and D. The enhanced photoconductance is ascribed to the hot electron injection from Au NPs to TiO 2 that increase the charge carrier density of the TiO 2 network. This interfacial electron injection across the Au/TiO 2 Figure 13 . Energy band diagram of Schottky barrier formed at metal/n-type semiconductor interface. Schottky barrier (~0.9 eV) can be easily realized under illumination over the whole visible range, allowing extending the enhancement effect to the light in the near-infrared region. The photon energies in wavelength larger than 700 nm are smaller than the energy of semiconductor band gap, Au plasmonic band, and dye absorption band. In the DSSC, the plasmonic generated hot electrons cannot be the source of continuous steady-state photocurrent, since the Au NPs embedded within the TiO 2 shell are not accessible by the regenerating agents. The major contribution for the photocurrent enhancement must be the surface plasmonic resonance effect that can only be induced by the illumination in the range where the plasmonic band of Au NPs is resonant with dye absorption band (i.e., band overlap in absorption spectra). However, the injected hot electrons are sufficient to raise the charge carrier density in TiO 2 and reduce the series resistance and charge transfer resistance in the corresponding DSSCs. This facilitates the transport of the photo-induced electrons through the TiO 2 network.
Conclusions
This chapter reviews the synergistic interplay among TiO 2 photoanode, biophotosensitizers (e.g., LHCII) and plasmonic nanoparticles in the photovoltaic devices. The effectiveness of TiO 2 as an interfacial photoanode material compatible with photosynthetic proteins and plasmonic nanoparticles was demonstrated. The electron injection from excited LHCII to TiO 2 conduction band was realized due to the perfect match of energy bands, resulting in the photocurrent generation in the LHCII sensitized TiO 2 solar cells. The charge separation at LHCII/ TiO 2 interface can be facilitated by incorporation of PNPs. This effect can be ascribed to the near-field-assisted PIRET from PNPs to LHCII across the TiO 2 interfacial layer. The hot electron injection across Schottky barrier from plasmonic core into TiO 2 network can increase the charge carrier density in TiO 2 , leading to the increase of photoconductivity and the improved photovoltaic performance of TiO 2 -based photoanode. Understanding of these fundamental energy/charge transfer processes and interface properties will inspire future optoelectronic devices with smart designs for outstanding performance.
